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A series of 24 compounds of general formula R1S-Hg-SR2, R1 and R2 being biologically relevant
thiol-containing amino acids and peptides (cysteine, homo-cysteine, penicillamine, N-acetyl-
cysteine, N-acetyl-penicillamine, cysteinyl-glycine, -glutamyl-cysteine and glutathione) were
prepared by direct reaction of mercury(II) ions and thiols in water at millimolar concentration.
The obtained products were characterized by electrospray ionization and triple quadrupole
tandem mass spectrometry. The source spectra of equimolar mixtures of two different thiols
reacting with a stoichiometric amount of mercury(II) show the peak clusters of the three
theoretically expected bis-thiolato-mercury(II) complexes with relative intensities close to the
theoretically expected 1:2:1 ratio, thus pointing at lack of substantial discrimination between
the different thiols, the only observed exception being homo-cysteine, which is less reactive
than cysteine and penicillamine. The fragment spectra are structure-specific for the different
ligands bound to the metal ion and allow a stand-alone discrimination of some constitutional
isomer pairs. Among the peculiar fragmentation processes observed, loss of neutral ammonia
from protonated symmetrical and unsymmetrical mercury(II)-bis-thiolates with free, proton-
izable amino groups leads to the formation of thiirane-carboxylic bound species; this process
is suppressed when the protonated amino group is in the -position with respect to the sulfur
atom, as in the case of compounds with homo-cysteine. This unusual behavior may hint at
unforeseen mechanisms for the interaction of mercury(II) with biological structures, ultimately
leading to cellular and organ toxicity. Compounds with N-acetylated amino acids show
distinctive fragment ions to which the connectivity of a protonated 2-methyl-oxazoline-5-
carboxylic acid may be proposed on the basis of the loss of water and of the elements of formic
acid. Finally, the adducts of mercury(II) with glutathione and -glutamyl-cysteine feature a
distinctive decomposition channel by loss of a pyroglutamic unit, much the same as
protonated glutathione, glutathione disulfide, the S-glutathionyl adducts of biologically
occurring electrophiles and other (pseudo)-peptides with -glutamyl bonds. (J Am Soc Mass
Spectrom 2004, 15, 288–300) © 2004 American Society for Mass Spectrometry
Mercury is a metal of industrial importancewith unique physical and chemical propertiesand a long-known toxicity, mainly directed
towards the central nervous system [1, 2] and the
kidney [3]. Although exposure to mercury through
industrial sources is now greatly reduced in developed
countries, mercury exposure through contaminated
food sources (mainly large-size fish) is still a source of
concern all over the world. The extent, if any, of health
risks from the slow release of mercury from dental
fillings is, despite extensive ad hoc research, still con-
troversial [4].
Both inorganic and organomercury species are known
to occur within the human body after ingestion of con-
taminated food (where the main mercury species is
methyl-mercury) or by occupational or accidental expo-
sure to airborne vapours of elemental mercury. Al-
though the paradigm in mercury toxicity is that it reacts
with free cysteine thiol groups in proteins and can thus
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impair their biological activity, it does not fully explain
the selective organ toxicity of mercury towards the
kidney and the brain and the specificity of damage to
brain function with respect to that caused by other
neurotoxic metals, such as the thiol-reactive lead. More-
over, some effects on the cardiovascular system are
known, starting from frequent deaths of mirror-makers
from syncope (sudden heart failure) observed by Ber-
nardino Ramazzini at the beginning of the eighteenth
century [5], to an increase in serum free cholesterol in
mercury-exposed hatmakers [6] and very recently, to a
selective accumulation of mercury in the tissue of the
left heart ventricle in patients with idiopathic dilated
cardiomiopathy [7].
Thiol compounds of Hg2 with glutathione are the
transport form of the metal into the bile of experimental
model animals [8]; also, the mercury(II)-bis-thiolato
compounds of glutathione, cysteinyl-glycine, and cys-
teine were recently proposed as accumulation and
transport forms of the metal into kidney cells [9].
Several analytical techniques, mainly potentiometry
[10], NMR spectroscopy [11], and X-ray diffraction [12]
have been employed to study the solution equilibriums
of mercury(II) and methyl-mercury(II) ions with thiolate
amino acid ligands. In particular, 13C-NMR spectros-
copy has been employed to demonstrate the formation
and connectivity of S,S-bis-glutathionyl-mercury(II)
species in solution [11].
A few papers study the behavior of mercury- and
alkylmercury-thiol amino acid systems by mass spec-
trometry [13–17]; in particular D’Agostino and cowork-
ers [13, 14] questioned, at least in part, the formation of
sulfur-bound mercury species as the sole form of mer-
cury-amino acid and peptide interaction. The formation
of mercuriated species has been observed in the depro-
tection of solid phase synthetized cysteine-containing
peptides and the corresponding products have been
characterized by ESI and tandem mass spectrometry
[15, 16]. A recent analytical method for the LC-MS
determination of mercury(II) and alkyl-mercury species
has been described [17], whereby -mercapto-ethanol is
added to the mobile phase to yield stable alkyl-Hg-S-
CH2-CH2-OH species, which can be efficiently proton-
ated by atmospheric pressure chemical ionization.
The compounds of mercury and of cadmium with
phytochelatin, a cysteine-containing plant polypeptide
with a strong binding capacity towards heavy metals,
have recently been characterized by liquid chromatog-
raphy [18]; those of cadmium have also been analyzed
by ion trap mass spectrometry and fragment ion anal-
ysis [19].
In view of probing the reactivity of Hg2 towards
bio-thiols, we have characterized by electrospray ion-
ization and low-energy collisional spectroscopy several
compounds of general formula R1S-Hg-SR2 (R1 being
equal or different from R2), which are formed in the
reaction of Hg2 with some thiol amino acids and
peptides and related drugs. This work is preliminary to
the setup of molecular-specific analytical methods to
measure such putative mercury metabolites, both in
experiments in vitro and in the biological fluids of
human subjects exposed to mercury either occupation-
ally or through environmental sources.
Experimental
Caution
Mercury compounds are hazardous and should be
handled with proper precautions, under a chemical
hood with a fume exhaust system.
All reagents and solvents were of analytical or re-
agent grade and were used as received. The employed
thiols: Cysteine (CySH), homo-cysteine (hCySH), peni-
cillamine (PenSH), N-acetyl-cysteine (NACySH),
N-acetyl-penicillamine (NAPenSH), cysteinyl-glycine
(CySGly), -glutamyl-cysteine (-GluCySH), and gluta-
thione (GSH) were supplied by Sigma-Aldrich (Milano,
Italy). A sample of acetyl-CD3-N-acetyl-cysteine was a
gift from Dr. S. Fustinoni (Clinica del Lavoro L. Devoto,
Milano) and was employed as a 0.5 mM water solution.
Standard samples of some symmetrical mercury(II)-
thiol compounds were prepared by reacting 0.2 M
Hg(II) nitrate with two equivalents of the considered
thiols (0.4 M) in nitrogen-purged deionized water and
isolated according to published procedures [9, 11]. The
asymmetrical Hg(II)-thiol compounds were prepared
by mixing equal volumes of 0.1 mM water solutions of
different thiols and adding a stoichiometric amount of
Hg2 to yield a solution which was infused into the
mass spectrometer source. These compounds were not
isolated, their fragment spectra being directly recorded
from the mixture.
Mass spectrometric analyses were performed on an
Applied Biosystems (Monza, Italy) API365 triple quad-
rupole instrument, equipped with an ESI source and
operated in the positive-ion mode. Samples were in-
fused at a rate of 10 L/min with a Hamilton syringe
pump. The infusion solvent was pure water or a 1:1
vol/vol water-isopropyl alcohol mixture, both contain-
ing 0.5% by volume of formic acid to improve analyte
protonation. To minimize in-source fragmentation of
some compounds, the orifice and ring potentials were
kept as low as consistent with analytically useful instru-
mental performance (typical values were OR  15 V
and RNG  150 V). Collisionally activated decomposi-
tion in MS/MS experiments was accomplished with N2
gas at a pressure setting value (CAD GAS) of two.
The source and MS/MS spectra were obtained in the
multi-channel average mode over the infusion time of
the sample solution, until the signal to noise ratio of the
relevant signals was judged adequate. Unless specified,
all m/z signals of Hg-containing species are referred to
as 202Hg isotope. To confirm whether fragment ions
contain mercury, fragment spectra were recorded from
precursors containing the naturally occurring 200Hg and
202Hg isotopes, to observe which fragments shifted by
the expected2 mass units (to signify the occurrence of
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such mass shift, the corresponding peaks are sometimes
labeled with a horizontal two-pointed arrow (7) in the
reported mass spectra). Occasionally, ion species con-
taining 198Hg or 204Hg were also employed for this
purpose, the former to eliminate the contribution of the
34S isotope, the latter to purposely include it.
Results
Formation of Mercury(II)-Thiol Compounds
Infusion of reaction mixtures containing Hg2 and the
considered thiols or thiol mixtures into the ESI source
affords strong signals of the anticipated adducts as
protonated molecules. The 21 obtained homo- and
heterodimeric compounds of general formula R1S-Hg-
SR2 are listed and numbered in Table 1, according to the
increasing molecular mass of the R1SH and R2SH com-
ponents, that with the lower mass being considered as
R1SH.
Figure 1 reports as an example the source spectrum
obtained by infusion, within 2 min from mixing and
before product isolation, of a 1:1000 dilution in water
containing 0.1% formic acid of the 0.2 M reaction
mixture containing glutathione and mercury(II).
The spectrum shows signals attributable to proton-
ated GS-Hg-SG (24) (m/z 815), some higher-mass molec-
ular clusters which could not be decomposed in the
orifice region without causing extensive fragmentation
and a few fragment ions: the mono-glutathionyl-mercu-
ry(II) species (m/z 508), the complementary GS frag-
ment (m/z 306) and that at m/z 177, corresponding to the
SCy-Gly unit. The insert to Figure 1 shows a detail of
the isotope envelope of protonated GS-Hg-SG. The
ratios of the ion signals spanning m/z 809 to 819 match
those of the expected ion species; in particular, no ion
signals are observed which may be assigned to a
protonated oxidized glutathione-mercury(II) species
[GSSG  Hg-H] (m/z 809 for 198Hg). In separate
experiments, the direct infusion of water solutions
(acidified with 0.5% formic acid in 10% iso-propanol just
prior to infusion) containing 1 mM glutathione disul-
fide or cystine in the presence of 1 mM mercury(II)
afforded strong molecular signals due to protonated
glutathione disulfide (m/z 613) or cystine (m/z 241) but
no mercury-containing amino acid species (not shown).
To obtain a semiquantitative evaluation of the reac-
tion yield, the intensity ratio of the surviving free
glutathione (m/z 308) to the sum of the relative intensi-
ties of all ion signals pertaining to bis-glutathionyl-
mercury (GS-Hg-SG) was calculated. This rough ap-
proach, which implicitly assumes comparable response
factors for protonated GSH and GS-Hg-SG, afforded a
reaction yield in the order of 90%.
Figure 2 exemplifies the source spectra obtained
from the direct infusion of water solutions containing
two different thiols, each at a final concentration of
0.5mM, and 1mM mercury(II), acidified with 0.5% for-
mic acid in 10% iso-propanol just prior to infusion. The
upper panel shows the products formed by reacting
with mercury an equimolar mixture of cysteine and
cysteinylglycine, the lower an equimolar mixture of
cysteine and N-acetyl-penicillamine.
The source spectrum of each reaction mixture shows
the protonated molecules of all three bis-thiolato-mer-
cury(II) compounds expected to form. Figure 2a dis-
plays those of homodimeric bis-cysteinyl-mercury(II)
(CyS-Hg-SCy, 1; m/z 443) and bis-cysteinyl-glycyl-mer-
cury(II) (CySGly-Hg-SCyGly, 18; m/z 557) and that of
the heterodimeric one, S-cysteinyl-S-cysteinyl-glycyl-
mercury(II) (CyS-Hg-SCyGly, 5; m/z 500) and Figure 2b,
those of CyS-Hg-SCy (1, m/z 443) and bis-N-acetyl-
penicillaminyl-mercury(II) (NAPenS-Hg-SPenNA, 20;
m/z 583) and that of the heterodimeric one, S-cysteinyl-
S-(N-acetyl-penicillaminyl)-mercury(II) (CyS-Hg-
SPenNA, 6; m/z 513). Similar results are obtained by
reacting with Hg2 other pairs of thiol amino acids and
peptides carrying free or acetylated amino groups (data
not shown).
The ionization efficiency of the different compounds
under positive-ion ESI depends on the presence in their
molecular structure of basic functions which can accom-
modate a proton, and since the free amino groups are
preferential sites for protonation of the mercury ad-
ducts involving amino acids and peptides, those carry-
ing free amino groups (CySH, hCySH, PenSH,
HSCyGly, -GluCySH, and GSH) give rise to mercu-
ry(II)-bis-thiolates with a higher ionization efficiency in
the positive-ion mode than those with NACySH and
NAPenSH. To observe that the intensities of the three
mercury(II)-bis-thiolates of Figure 2a are close to the
1:2:1 ratio rules out the occurrence of large differences
in the mercury affinity of the thiol groups of the two
precursor molecules, given that the homo- and het-
erodimeric mercury(II)-bis-thiolates of the considered
amino acids and peptides are not expected to show
large differences in their proton affinities. Although
these values are not known, it can nevertheless be
observed that the ratio of the ion intensities (m/z 443
and 557) of the two homodimeric compounds is close to
that of the two thiols from which they are formed (m/z
122 and 179) and therefore it can be envisaged that the
ratio of their response factors (i.e., in first instance, of
their proton affinities) is not very different from that of
the thiols from which they are formed. This assumption
is strengthened by observing that the intensities of the
three mercury(II)-bis-thiolates of Figure 2b are largely
skewed from the expected 1:2:1 ratio, the strongest
signal being that of the compound carrying two free
amino groups (CyS-Hg-SCy; m/z 443; 1), followed by
that of the compound with one free amino group and
one N-acetyl group (CyS-Hg-SPenNA; m/z 513; 6), and
finally by that where both amino groups are acetylated
(NAPenS-Hg-SPenNA; m/z 583; 20). A semi-quantita-
tive comparison of the measured relative intensities in
the spectrum of Figure 2b (approximately 1:0.5:0.2) to
the 1:2:1 ratio theoretically expected in the absence of
differences in the proton affinity of thiols carrying free
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Table 1. Main ions and relative intensities of the fragment MS/MS spectra of some protonated mercury(II) adducts of thiol amino
acids and peptides
R1 R2 MH
a Main fragment ions
1 CySH CySH 443 426 (NH3; 100%), 339 (CyS-Hg-NH3
; 44%), 152 (S-SCy; 81%), 120
(SCy; 59%)
426b 408 (H2O; 1%), 398 (MH-CO; 1%), 381 (398-NH3; 3%), 152 (
S-SCy;
90%), 120 (SCy; 100%)
2 CySH hCySH 457 440 (NH3; 2%), 134 (hCyS
; 50%), 122 (CySH*H; 18%)
3 CySH PenSH 471 454 (NH3; 25%), 437 (MH-2NH3; 16%), 410 (MH-NH3–CO2; 83%), 393
(MH-2NH3–CO2; 100%), 367 (PenS-Hg-NH3
; 2%), 350 (367-NH3; 6%),
339 (CyS-Hg-NH3
; 9%), 306 (350-CO2; 34%), 289 (306-NH3; 3%), 148
(PenS; 9,3%), 131 (148-NH3; 6%), 119 (27%), 87 ([(CH3)2C(SCH)
];
20%) 72 ([CH2C(CH3)CHNH2
]; 1%)
4 CySH NACySH 485 468 (-NH3; 26%), 381 (NACyS-Hg-NH3
; 15%), 339 (CyS-Hg-NH3
; 5%),
162 (NACyS; 100%), 130 (NACy; 6%)
5 CySH HSCyGly 500 483 (-NH3; 100%), 466 (483-NH3; 20%), 379 (
Hg-SCy-Gly; 71%), 339
(CyS-Hg-NH3
; 12%), 177 (SCy-Gly, 25%), 130 (PyrH; 22%)
6 CySH NAPenSH 513 496 (-NH3; 100%), 467 (MH-H2O-CO; 9%), 425 (NAPen-S-Hg-S
; 12%),
409 (NAPen-S-Hg-NH3
; 36%), 392 (NAPen-S-Hg-S; 7%), 356 (CyS-
Hg-S; 19%), 339 (356-NH3; 12%), 190 (NAPenS
; 67%), 158
(NAPen; 39%), 140 (158-H2O; 18%),
7 CySH -GluCySH 572 451 (-CySH; 100%), 405 (451-H2O–CO; 6%), 339 (CyS-Hg-NH3
; 1%)
451b 405 (MH-H2O–CO; 100%), 249 (GluCyS
; 4%), 231 (249-H2O; 6%), 186
((GluCyS-NH3
-H2O-CO; 20%), 158 (186-H2O; 5%)
8 CySH GSH 629 508 (GS-Hg; 100%), 433 (508-Gly; 1%), 306 (GS; 5%), 177 (SCy-
Gly; 5%)
508b 433 (508-Gly; 9%), 306 (GS; 12%), 288 (306-H2O; 11%), 231 (306-Gly;
6%), 177 (SCy-Gly; 100%), 149 (177-CO; 8%), 130 (PyrH; 9%)
9 hCySH hCySH 471 136 (h-CySH*H*; 100%), 134 (h-CyS; 83%), 118 (136-H2O; 14%), 90
(118-CO; 8%)
10 hCySH PenSH 485 468 (-NH3; 6%), 424 (466-CO; 30%), 370 (PenS-Hg-NH3; 2%), 150
(PenSH*H; 8%), 134 (hCyS; 100%)
11 PenSH PenSH 499 482 (-NH3; 14%), 465 (482-NH3; 15%), 438 (482-CO2; 22%), 421 (465-CO2;
100%), 377 (421-CO2; 7%), 367(PenS-Hg-NH3
; 4%), 148 (PenS; 7%),
87 ([(CH3)2C(SCH)
]; 4%)
482b 465(MH-NH3; 24%), 421 (465-CO2; 100%), 377 (421-CO2; 28%), 350
(PenS-Hg; 1%), 150 (PenSH*H; 10%) 148 (PenS; 12%), 131 (148-
NH3; 24%) 87 ([(CH3)2C(SCH)
]; 40%)
12 PenSH NaCySH 513 496 (-NH3; 64%), 478 (496-H2O; 71%), 452 (496-CO2; 68%), 450 (478-CO;
100%), 434 (452-H2O; 25%), 410 (452-CH2CO; 18%), 382 (410-H2O;
24%), 364(NACyS-Hg; 6%), 350(PenS-Hg; 1%), 162 (NACyS;
27%), 130 (NACy; 29%)
13 PenSH NAPenSH 541 524 (-NH3; 100%), 506 (524-H2O; 87%), 478 (MH–NH3H2O-CO; 96%),
462 (480-H2O; 39%), 426 (NAPen-S-Hg-SH*H
; 11%), 409 (NAPenS-
Hg-NH3
; 26%), 392 (NAPenS-Hg; 9%), 190 (NAPenS; 9%) 174
(10%), 158 (NAPen; 86%), 140 (158-H2O; 19%), 116 (140-CH2CO;
11%)
14 NACySH NACySH 527 509 (H2O; 90%), 485 (-CH2CO; 38%), 481 (-CO- H2O; 100%), 467 (509-
CH2CO; 52%), 463 (485-CH2CO; 33%), 439(467-H2O; 54%), 421
(439-H2O; 21%), 398 (NACyS-Hg-SH*H
; 41%), 380 (398-H2O; 30%),
164 (NACySH*H; 34%), 162 (NACyS; 78%), 146 (164-H2O; 28%),
130 (164-H2S; 77%)
15 NACySH HSCyGly 542 525 (-NH3; 100%), 381 (MH-161; 14%), 194 (NACySS
; 11%), 177 (SCy-
Gly; 8%), 162 (NACyS; 40%), 130 (PyrH; 5%)
16 NACySH NAPenSH 555 537 (-H2O; 100%), 513 (MH-CH2CO; 11%), 509 (537-CO; 38%), 467(509-
CH2CO; 22%), 426 (NAPen-Hg-SH*H
; 7%), 398 (NACyS-Hg-SH*H;
9%), 158 (NAPen; 95%), 140 (158-H2O; 19%), 112 (140-CO; 16%)
17 NACySH GSH 671 542 (-Glu; 9%) 508 (GS-Hg; 100%), 347 (GS-Hg; 60%), 306 (GS;
11%), 177 (SCy-Gly; 19%)
18 HSCyGly HSCyGly 557 540 (-NH3; 93%), 379 (
Hg-SCy-Gly; 100%) 177 (SCy-Gly; 62%)
19 HSCyGly GSH 686 557 (--Glu; 19%), 508 (GS-Hg; 100%), 378 [Cy(S-Hg)Gly]; 3%)
20 NAPenSH NAPenSH 583 565 (-H2O; 100%), 537 (565-CO; 31%), 495 (537-CH2CO; 17%), 426
(NAPen-S-Hg-S; 13%), 158 (MH-426; 98%), 140 (158-H2O; 15%), 112
(140-CO; 12%)
21 -GluCySH HSCyGly 629 611 (-H2O; 2%), 500 (629--Glu; 13%), 483 (500-NH3; 4%), 451
(629-HSCyGly; 100%), 405 (451-H2O-CO; 6%)
(continued)
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versus acetylated amino groups shows that, upon acet-
ylation of one of the two amino groups, the ionization
efficiency with respect to the non-acetylated compound
falls to approximately 25%, while further acetylation of
both amino groups lowers the ionization efficiency to
approximately 20%.
Characterization of Protonated bis-Thiolato-
Mercury(II) Species by Tandem Mass
Spectrometry
The protonated molecules of the 24 obtained mercu-
ry(II)-bis-thiolates can be characterized by collisional
spectroscopy; the main fragments identified in their
CAD-MS-MS spectra are listed in Table 1.
In general, the high-mass region of the spectra of the
amino acid mercury(II)-bis-thiolates shows several
peaks due to sequential loss of small molecular units
such as ammonia, water, carbon monoxide, carbon
dioxide, and ketene. Although these processes are rel-
atively unspecific, they are associated with the presence
or absence of free or acetylated amino groups in the
molecular structure and of gem-dimethyl substitution at
the -carbon atom. In particular, loss of NH3 often gives
rise to intense signals in the spectra of the amino acid
derivatives carrying free amino groups, while loss of
Table 1. Main ions and relative intensities of the fragment MS/MS spectra of some protonated mercury(II) adducts of thiol amino
acids and peptides
R1 R2 MH
a Main fragment ions
22 -GluCySH -GluCySH 701 572 (--Glu; 22%), 451 (-GluCyS-Hg; 100%), 405 (451-H2O-CO; 5%),
251 ( GluCySH*H; 7%)
23 GluCySH GSH 758 629 (-Glu; 53%), 508 (GS-Hg; 75%), 500 (629- Glu; 9%), 451 (-
GluCyS-Hg; 40%), 308 (GSH*H; 12%), 177 (CySGly; 5%)
24 GSH GSH 815 686 (--Glu; 12%), 611 (687-GlyOH; 4%), 557 (686--Glu; 6%) 508 (GS-
Hg; 100%), 308 (GSH*H; 20%), 306 (GS; 8%), 288 (306-H2O;
7%), 177 (SCy-Gly; 34%), 130 (Pyr*H; 2%)
508b 379 (--Glu;1%), 288 (306-H2O; 16%), 231 (288-Gly; 12%), 177 (
SCy-
Gly; 100%), 160 (177-NH3; 13%), 130 (Pyr*H
; 57%)
Abbreviations: CySH: cysteine; hCySH: homo-cysteine; PenSH: penicillamine; NACySH: N-acetyl-cysteine; HSCyGly: cysteinyl-glycine; NAPenSH:
N-acetyl-penicillamine; -GluCySH: -glutamyl-cysteine; GSH: glutathione.
aCorresponding to the 202Hg isotopomer of the molecular cluster, also containing an approx. 3% of the [200Hg-34S] isotopomer and an approx. 3%
of the [198Hg-34S2] isotopomer.
bSource-generated fragment.
Figure 1. Positive-ion source spectrum from the infusion of a 1:1000 dilution in water containing
0.1% formic acid of a solution containing glutathione (0.4 M) and mercury(II) (0.2 M). The inserts show
a detail of the protonated molecule signal of bis-glutathionyl-mercury(II) (Compound 24 of Table 1)
and the calculated isotope pattern for the HgS2 portion.
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CO2 is frequently found in penicillamine derivatives.
Some heterodimeric mercury(II)-penicillamine thiolates
show strikingly different fragmentation with respect to
the cysteine compounds: As an example, protonated
bis-S-penicillaminyl-mercury(II) (PenS-Hg-SPen 11)
only features stepwise loss of NH3 and CO2 from both
amino acid moieties, but no fission of the bonds of the
S-Hg-S system. NAPenS-Hg-SPenNA (20), which lacks
free amino groups, does not show fragments deriving
from fission of the Hg-S bonds, but from that of the
adjacent C™S bond (see later) along with loss of ketene
from the acetyl group and of the elements of formic acid
from the carboxyl groups.
Direct fission across the bonds of the C-S-Hg system
may formally give rise to three fragment types, which
are coded according to Scheme 1: A non-sulfur contain-
ing ion, formally carrying the positive charge on the
-carbon of the thiol amino acid (a-type fragments); one
carrying a formal positive charge on the thiol sulfur
atom (b-type fragments) and one retaining the mercury
atom in the ionic fragment (c-type). As is apparent, b-
and c-type fragments give rise to complementary frag-
ment pairs.
Other fragmentation modes are due to the presence
in the different compounds of specific functional
groups and connectivities, such as the - and -peptide
bonds in the spectra of compounds carrying GSH,
-GluCySH and HSCyGly ligands, which are separately
described.
Fission at the C™S Bonds
Fragmentation at the C™S bonds of mercury-thiol ad-
ducts is a minor pathway, which gives rise to intense
a-type ions only in the spectra of the Hg(II)-thiolates of
NACySH (m/z 130) and NAPenSH (m/z 158). Genera-
tion of this fragment from the protonated molecule and
its connectivity as that of a protonated 2-methyl-oxazo-
line-5-carboxylic acid, on the basis of the loss of water
and of the elements of formic acid, may be proposed as
described in Scheme 2.
Figure 2. Source spectra of equimolar mixtures (in a 10% iso-propanol-0.5% formic acid infusion
solution) of (upper) cysteine (0.5 mM), cysteinyl-glycine (0.5 mM) and mercury(II) (1 mM) and (lower)
of cysteine (0.5 mM), N-acetyl-penicillamine (0.5 mM), and mercury(II) (1 mM).
Scheme 1
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The identity of the a-type fragment is also confirmed
by observation of shift of m/z 130 to 133 in the fragment
spectra of the protonated heterodimers of [CD3]- NA-
CySH with CySH, PenSH, and NAPenSH and by a
splitting of the fragment peaks attributable to the loss of
a single N-acetyl group (m/z 130 3 133; 162 3 165) in
the fragment spectrum of the protonated mixed-label
homodimer (not shown). The driving force of the reac-
tion may be identified in the release of stable neutrals:
Mercury(II) sulfide and non-zwitterionic gas-phase cys-
teine or penicillamine. This reaction also occurs when
the amino acid acting as the leaving group in Scheme 2
is N-acetylated: In this case it is the -carboxyl to supply
the proton to the leaving thiol group and the neutral
N-acetyl amino acid is released as the imide tautomer,
as shown in Scheme 3.
The inductive effect of the geminal methyl groups
greatly enhances the stability of the incipiently carbo-
cationic fragment deriving from the NAPenSH portion
(m/z 158), as exemplified in the spectrum of S-(N-acetyl-
cysteinyl)-S-(N-acetyl-penicillaminyl)-mercury(II) (NA-
CyS-Hg-SPenNA), 16 where it is approximately tenfold
more intense with respect to that arising from NACySH
(m/z 130). This fragmentation allows to assign the
position of the N-acetyl group in the isomers CyS-Hg-
SPenNA (6) and S-penicillaminyl-S-(N-acetyl-cystei-
nyl)-mercury(II) (PenS-Hg-SCyNA, 12), the fragment
spectra of which are reported in Figure 3.
The different connectivity of the two isomers is
discriminated by the mutually exclusive occurrence of
the fragment at m/z 130, among the fragments of 12
(Figure 3b) and of m/z 158 in the fragment spectrum of
6 (Figure 3a). Another isomer-discriminating fragment
is that arising from fission of the S™Hg bond of the
N-acetylated amino acid. It is also striking that the
N-acetyl-cysteine conjugate features a more abundant
fragmentation in the upper region of the spectrum, with
multiple, stepwise loss of small fragments such as
ammonia, water, carbon monoxide, and carbon dioxide,
than the isomer carrying the N-acetyl group on the
penicillamine unit.
Fission at the Hg™S Bonds
Fission at the Hg™S bonds generally give rise to intense
fragments either retaining (c-type fragments) or not
retaining (b-type fragments) the metal in the ionic
fragment. Their occurrence allows to identify the in-
volved thiols, both in symmetrical and unsymmetrical
mercury(II)-bis-thiolates and even in the case of pairs of
constitutional isomers.
From the point of view of the formal connectivity,
b-type fragments may be formulated as carrying a
positive charge on the thiol sulfur atom, but for those of
the cysteine-containing compounds, conversion of the
incipient -CH2-S
 to a thio-aldeyhde (-CH¢S) through
proton abstraction by the free cysteine amino group can
be envisaged, as depicted in Scheme 4.
Lack of observation of the corresponding fragment at
m/z 148 in the spectra of the Hg(II) thiol conjugates of
penicillamine with homo-cysteine (hCySHg-SPen, 10),
PenS-Hg-SCyNA (12), and N-acetyl-penicillamine
(PenS-Hg-SPenNA, 13), due to lack of hydrogen atoms
at the -carbon atom of this amino acid strengthens
confidence in the occurrence of this concerted pathway
for generation of the fragment directly from the proton-
ated molecule. However, precursor ion search of m/z
120 in the mercury(II)-thiolates of cysteine (1) and
Scheme 2
Scheme 3
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cysteinyl-glycine (5) highlighted that this fragment is
formed with a much higher cross section from ions
other than the protonated molecules: In fact, the m/z 120
fragment is mainly generated as a product of the
[MH-NH3]
 and [CyS-Hg-NH3]
 species.
Formal -C(R)2-S
 b-type fragments are also observed
for the mercury(II)-thiolates of NACySH (R¢H; m/z 162)
and, although generally with a weaker intensity, for
those of NAPenSH (R¢Me; m/z 190), as exemplified in
the spectra of isomeric CyS-Hg-SPenNA (6) and PenS-
Hg-SCyNA (12) of Figure 3a, and b.
Intense b-type fragments are also observed in the
fragment spectra of peptide-Hg compounds: m/z 177
(SCyGly); m/z 249 (-GluCyS); m/z 306 (GS). Precur-
sor ion analysis (not shown) highlighted their formation
from RS-Hg (c-type) fragments, through loss of a
mercury neutral (Hg0), as discussed below.
A peculiar process leads, in the fragment spectrum of
CyS-Hg-SCy (1), to an intense fragment at m/z 152,
which is demonstrated to contain two sulfur atoms and
is therefore tentatively connected as CyS-S. Precursor
ion search of this fragment shows that it is derived from
both the protonated molecule and from a [MH-NH3]

species with almost equal cross sections, although no
plausible reaction mechanism can be envisaged to ac-
count for its formation from either precursor. A possi-
bly similar weak fragment at m/z 194 is also observed
among the fragments of S-(N-acetyl-cysteinyl)-S-cystei-
nylglycyl-mercury(II) (NACyS-Hg-SCyGly, 15).
Figure 3. Fragment spectra of isomeric protonated (upper) S-cysteinyl-S-(N-acetyl-penicillaminyl)-
mercury(II) (6; m/z 513) and (lower) S-penicillaminyl-S-(N-acetyl-cysteinyl)-mercury(II) (12; m/z 513).
Scheme 4
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Mercury(II)-Monothiolate Fragment Ions
In the CAD spectra of the conjugates, RS-Hg mercu-
ry(II)-retaining ionic fragments (c-type fragments) of
amino acids are in general much weaker than those of
peptides and their connectivity may be described either
as carboxyl- or amino-bound, as shown in Scheme 5.
As an example, in the spectra of CyS-Hg-SPenNA
(6), PenS-Hg-SCyNA (12) (Figure 3), CyS-Hg-SCy (1),
S-cysteinyl-S-penicillaminyl-mercury(II) (CyS-Hg-
SPen, 3), and PenS-Hg-SPen (11) only the m/z 350
fragment of penicillamine but not that at m/z 322 of
cysteine is observed. The corresponding fragments of
NACySH (m/z 364) and NAPenSH (m/z 392), for which
only the carboxyl-bound structure may hold, are only
slightly more abundant.
The c-type fragments are, on the contrary, of much
greater abundance in the spectra of compounds carry-
ing peptide ligands (HSCyGly, -GluCySH, GSH) and,
when the analyzed compounds feature both an amino
acid and a peptide thiol ligand, it is the peptide, rather
than the amino acid, to yield the RS-Hg fragment, as is
apparent by comparing the intensities of the fragments
in the spectra of four heterodimeric Hg(II) thiol conju-
gates of the ligands CySH, PenSH, HSCyGly, -
GluCySH, and GSH. The order of the abundances of the
c-type fragments in the spectra is:
GS-Hg (m/z 508)  -GluCyS-Hg (m/z 451) 
Hg-SCyGly (m/z 379)  Hg-SPen (m/z 350)  Hg-
SCy (m/z 322).
In particular, the cysteinyl-mercury(II) fragment is
observed only as a very weak signal in the fragment
spectrum of CyS-Hg-SCyGly (5); the cysteinylglycyl-
mercury(II) fragment is observed as a minor fragment
in the fragment spectrum of S-cysteinylglycyl-S-gluta-
thionyl-mercury(II) (GS-Hg-SCyGly, 19), possibly gen-
erated by loss of the terminal -glutamyl group from
the S-glutathionyl-mercury(II) fragment at m/z 508. A
reason for the preferential formation of the c-type
fragments of the -glutamyl- peptides (m/z 508 and 451)
over the cysteinyl-glycyl-mercury(II) fragment at m/z
379 may be found in the possibility of the additional
carboxyl groups to bind the metal cation, thus enhanc-
ing ion stability. This may also explain the slightly
greater abundance of m/z 508 over m/z 451 in the
spectrum of S-(-glutamyl-cysteinyl)-S-glutathionyl-
mercury(II) (-GluCyS-Hg-SG, 23).
The connectivity of m/z 451 as S-(-glutamyl-cystei-
nyl)-mercury(II) and of m/z 508 as S-glutathionyl-mer-
cury(II) can be characterized by fragment analysis of the
source-generated fragments (see m/z 508 in Figure 1) in
the spectra of S-cysteinyl-S-(-glutamyl-cysteinyl)-mer-
cury(II) (-GluCyS-Hg-SCy, 7) and of S-cysteinyl-S-
glutathionyl-mercury(II) (GS-Hg-SCy, 8), respectively
(not shown). The fragment spectrum of m/z 451 fea-
tures, along with a prominent, yet unspecific, concerted
loss of carbon monoxide and water to yield m/z 405, a
weak but peculiar fragmentation entailing loss of neu-
tral Hg0 to yield the corresponding RS species (m/z
249). The most prominent fragment in the spectrum of
m/z 508 is CySGly (m/z 177), weaker fragments being
observed at m/z 130 (protonated pyroglutamic acid), at
m/z 379 (loss of the -glutamyl residue), at 433 (loss of
C-terminal glycine), at m/z 306 (GS) and at m/z 288
(loss of water from m/z 306).
Protonated Amino Acid and Peptide Ions
Fragments corresponding to the protonated thiol amino
acids or peptides (RSH*H) are not observed in the
spectra of mercury(II)-thiolates, except for protonated
glutathione (m/z 308) and -glutamyl-cysteine (m/z 251),
present as weak fragments in the spectra of Compounds
22 and 24. Their formation may arise from heterolytic
fission of the Hg™S bond to yield the c- and in turn, the
Scheme 5
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b-type fragments, as the result of proton transfer be-
tween the metal-retaining cationic fragment (c-type)
and the neutral peptide, as shown in Scheme 6. Since
formation of the m/z 179 fragment is not observed for
the mercury(II) thiol conjugates of cysteinyl-glycine, it
is concluded that the presence of a further carboxyl
group, as in those with -glutamyl-cysteine and gluta-
thione is necessary.
On the contrary, only the homo- and heterodimeric
mercury(II)-thiolates of amino acids with hCySH (Com-
pounds 2,9, and 10) feature more or less intense signals
due to the protonated amino acid (m/z 122, 136, and 150
for CySH, h-CySH, and PenSH, respectively) along with
the c-type fragment of hCySH (m/z 134), possibly as a
result of the 1–6 relationship between the -hydrogen
atoms of hCySH and the sulfur atom of the other amino
acid component, as shown in Scheme 7.
It is also noticeable that the same pair of complemen-
tary fragments, m/z 122 and 134 is formed as the main
CAD decomposition products of the protonated mixed
disulfide of cysteine and homocysteine [20].
Compounds Carrying Free Amino Groups
Loss of one ammonia neutral from the protonated
molecules of compounds carrying CySH and HSCyGly
units gives rise to intense [M-NH3]
 fragments, while in
those of penicillamine this process gives rise to compar-
atively less intense signals, which in turn lose stepwise
one molecule of carbon dioxide and a further molecule
of ammonia to yield intense [M-2NH3-CO2]
 ions.
Unsymmetrical mercury(II)-bis-thiolates with both li-
gands carrying free -amino groups may undergo loss
of ammonia from either part of the molecule and give
rise to a mixture of isomeric RS-Hg-NH3
 fragments.
To investigate the connectivity of the fragments
generated from this decomposition pathway, the “sec-
ond-generation” fragment spectra of some [M-NH3]

fragments formed in the source through loss of ammo-
nia from protonated CyS-Hg-SCy (1) (m/z 426) and
PenS-Hg-SPen (11) (m/z 482) were recorded (not
shown). The [M-NH3]
 fragment of CyS-Hg-SCy (1)
only yields the b-type fragment (m/z 120) and the
“CyS-S” m/z 152 ion, while that of PenS-Hg-SPen (11)
gives rise to several unspecific fragments formed by
sequential losses of small neutrals (ammonia, carbon
dioxide, water plus carbon monoxide) and to a weak
b-type fragment (m/z 148), followed by fragments at m/z
131 (loss of ammonia) and 87 (further loss of carbon
dioxide). The different behavior of the [M-NH3]
 frag-
ments of CySH and PenSH compounds points at a
substantial difference in their connectivity, possibly due
to the presence of the gem-dimethyl function and ab-
sence of hydrogen atoms on the -carbon of PenSH.
It can be envisaged that loss of neutral ammonia
from the protonated -amino group of cysteine may
occur by intramolecular nucleophilic displacement of
the sulfur atom to yield cyclic thiironium (episulfo-
nium) species. This hypothesis, if demonstrated, may
have implications from the point of view of the mech-
anistic toxicology of mercury compounds. To investi-
gate into the mechanism of the observed reaction, some
model thiolato-mercury(II) compounds with hCySH as
either or both ligands were also prepared and the
fragment spectra of their protonated molecules re-
corded. The main decomposition channels of proton-
Scheme 6
Scheme 7
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ated bis-homocysteinato-mercury(II) (hCyS-Hg-ShCy, 9)
lead to protonated homo-cysteine (m/z 136) and to the
corresponding b-type fragment (m/z 134), no signal
corresponding to the loss of neutral ammonia being
observed. The fragment spectra of both S-homo-cystei-
nyl-S-cysteinyl-mercury(II) (CyS-Hg-ShCy, 2) and S-
homo-cysteinyl-S-penicillaminyl-mercury(II) (hCyS-Hg-
SPen, 10) yield a main signal corresponding to the
b-type fragment of homo-cysteine (m/z 134) and one
corresponding to the loss of neutral ammonia from the
protonated molecule, each spectrum featuring also a
signal corresponding to protonated cysteine (m/z 122)
and penicillamine (m/z 150), respectively.
Taken together, the data allow to confirm that a cyclic
episulfonium species may indeed be formed by loss of
ammonia from protonated cysteine-containing mercu-
ry(II)-bis-thiolates, which is on the contrary suppressed
in the case of homo-cysteine, due to the less favored
formation of a four-membered thiolane ring. The gen-
erated [M-NH3]
 fragment may further yield ionic prod-
ucts, as exemplified in Scheme 8 to account for some
fragments observed in the spectra of S-cysteinyl- (1) and
S-cysteinyl-glycyl-mercury(II)-thiolates (18, 5, 15).
The [M-NH3]
 fragment of mercury(II)-bis-thiolates
carrying two amino groups may also undergo S,N
ligand metathesis at the mercury center, leading to
release one thiolate substituent as a neutral thiirane-
carboxylic acid and yielding an amido-mercury species
bound to the thiirane-carboxylic derivative of the other
substituent, as described in Pathway (3) of Scheme 8.
Direct formation of RS-Hg-NH3
 fragments from the
protonated molecules has been observed in the spectra
of several compounds with both thiolate ligands carry-
ing free -amino groups, often with comparable inten-
sities, as exemplified by protonated CyS-Hg-SCyGly
(5), which yields the m/z 339 and 396 species in a 3:1
ratio. Both fragments may further lose ammonia to
yield the corresponding c-type ions. Also, loss of 104 u
from protonated mercury(II)-bis-thiolates containing
cysteine, such as CyS-Hg-SCy (1), may be accounted for
by release of a neutral thiirane-carboxylic acid follow-
ing a ligand metathesis between sulfur and nitrogen at
the mercury center, to yield amino-mercury species
such as m/z 409 (NAPenS-Hg-NH3
) in the spectrum of
CyS-Hg-SPenNA (6) (Figure 3a) and 396 (H3N-Hg-
SCyGly) fragments in the spectrum of CyS-Hg-SCyGly
(5). The H3N-Hg-S connectivity is suggested by the
observation that m/z 339 (CyS-Hg-NH3
), but not the
formal cysteine c-type fragment (m/z 322, which is only
observed as a weak signal in the spectrum of CyS-Hg-
SCyGly (5), is a direct precursor of m/z 120 (CyS) in
protonated bis-cysteinyl-mercury(II), as the possible re-
sult of the simultaneous loss of two stable neutrals,
ammonia and Hg0.
Another decomposition channel of the [M  NH3]

fragments is a rearrangement occurring through a six-
membered transition state yielding a mercury-thiol
species, as depicted in pathway (2) of Scheme 8. Such
process may also account for fragments at m/z 398
(NACyS-Hg-SH*H) and 426 (NAPenS-Hg-SH*H) in
the spectra of Compounds 6, 12, and 16.
Compounds Carrying a -Glutamyl Connectivity
Some mercury(II)-thiolates with -glutamyl-cysteine
and glutathione (Compounds 21–24) feature a specific
decomposition channel by loss of a pyroglutamic unit
(129 u, corresponding to a protonated fragment at m/z
130), similar to those of protonated glutathione and
glutathione disulfide [21], of the glutathione conjugates
of xenobiotics [22] and of other (pseudo)-peptides with
-glutamyl bonds. The occurence of this fragmentation
channel in the spectra of the mercury(II)-bis-thiolate
compounds overwhelms most of the other fragmenta-
tions, in particular those of the -S-Hg-S- system.
Scheme 8
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Discussion
Homo- and heterodimeric mercury(II)-bis-thiolates can
be easily obtained by mixing nearly neutral aqueous
solutions of amino acids and peptides and Hg(II) ions at
concentrations down to the sub-millimolar range, i.e., at
the concentration of intracellular red blood cell gluta-
thione and of plasma amino acids in humans. The
chemical structures of the obtained compounds can be
investigated with the use of electrospray ionization and
tandem mass spectrometry.
The fragment spectra of mercury(II)-bis-thiolates of
amino acids and peptides show unimolecular decom-
position channels which are structure-specific for the
different ligands bound to the metal ion and allow to
demonstrate the binding site of mercury(II) to multi-
functional amino acids and peptides carrying sulphy-
dryl, amino and carboxylic functions, at biologically
relevant concentrations. D’Agostino and coworkers [13]
obtained the fragment spectra for the [2Cys  Hg-H]
species at m/z 443 and for its first-generation products at
m/z 426 and 339 and pointed that the formation of the
species at m/z 152, formally corresponding to [Cys 
S-H], may be better explained by alternative struc-
tures, where the mercury ion is bridged between a
sulfur and one amino or carboxyl group or without
involvement of the sulphydryl groups at all. In fact, the
CyS-Hg-SCy connectivity is isomeric to that of a car-
boxyl-bound “mercury(II) cysteinate” (mercury ion
bound to the carboxylate groups of two cysteins) and
possibly accepting donor bonds from either the amino
or the thiol group of cysteine. However, by comparing
the reaction products obtained from mercury(II) in the
presence of thiol cysteine and glutathione with those
observed with cystine and glutathione disulfide, respec-
tively, we are now able to confirm that no mercury(II)-
amino acid complex can be observed by ESI-MS in the
absence of free thiol groups in the molecule, a comple-
mentary result to those of D’Agostino, who could not
observe ionic products of mercury with glutathione
modified by Ellmann’s reagent [13]. The crystal struc-
ture of CyS-Hg-SCy shows an almost linear S-Hg-S
system of covalent mercury-thiol bonds and two coor-
dinative bonds between the amino groups of non-
equivalent cysteine ligands and the metal center [14].
Together, these findings confirm that the bis-thiolate-
mercury connectivity is the dominating isomeric struc-
ture of gas-phase protonated Compound 1; the similar-
ity observed in the fragment spectra of the analyzed
compounds thus points to the same connectivity for the
mercury(II) conjugates of other thiol amino acids and
peptides.
Unimolecular gas-phase fragmentation even of the
simplest of protonated mercury(II)-thiol amino acid
conjugates is complex, featuring several unexpected
reactions, among which is the intramolecular nucleo-
philic displacement (SNi) of the protonated -amino
group, yielding [M-NH3]
 fragments from cysteine-
mercury(II)-thiolates which can be connected as electro-
philic episulfonium species on the basis of their “second
generation” fragmentation and of their formation from
- but not from -amino thiol compounds, as high-
lighted by the experiments on cysteine and homo-cys-
teine mercury(II) conjugates. The preferential closure of
three- versus four-membered rings by intramolecular
nucleophilic substitution has also been demonstrated
by theoretical calculations [23, 24].
This behavior may hint at unforeseen mechanisms
for the interaction of the mercury(II) ion with biolog-
ical structures, ultimately leading to cellular and
organ toxicity, since episulfonium species are consid-
ered the key biologically active intermediates, e.g., in
the alkylation of bio-nucleophiles by mustard gas [25,
26].
It is also noticeable that the unimolecular fragmen-
tation of protonated bis-thiolate-mercury(II) com-
pounds shows close similarity to that of some proton-
ated homo- and heterodimeric disulfides, such as
cystine, glutathione disulfide [20], cysteine-homocys-
teine mixed disulfide [21] and several other compounds
(unpublished data from our laboratory), thus strenght-
ening the possibility that mercury uptake by the kidney
cells through the anion transporter may occur by mo-
lecular mimickry of cystine by cysteine-mercury(II)
thiolates [3]. Furthermore, in the case of mercury(II)
ligation by thiol-containing peptides, release of one of
the ligands from the protonated molecule under low-
energy collisionally-activated decomposition conditions
is a much favoured pathway, with respect to the other
fragmentation processes, thus pointing at a possible
role of cationic mercury(II)-mono-thiolate species in the
interconversion of mercury(II)-bis-thiolate compounds,
i.e., in the covalent binding of “soluble” intracellular
mercury(II)-thiolates to thiol-containing cellular struc-
tures in the chemical form of protein-S-Hg-S-amino acid
or peptide species [7].
Conclusions
A detailed knowledge of the metabolism of mercury
and of the mechanism(s) responsible for the onset of its
diverse toxic effects requires the speciation of the chem-
ical forms of transport of the metal among the differ-
ent body tissues and organs. Mercury(II)-bis-thiolates
with glutathione and related compounds have been
identified in the body fluids of experimental animal
models and may be investigated as specific metabo-
lites for the biological monitoring of exposure to the
different chemical forms of environmental mercury in
humans.
This study, aimed at characterizing by mass spectro-
metry the mercury(II)-bis-thiolates of naturally occur-
ring amino acids and peptides, is a preliminary step to
the setup of sensitive and specific analytical methods to
measure mercury-amino acid and -peptide thiolates
both in vitro under bio-mimetic conditions and in the
biological fluids of exposed subjects. The mercury(II)-
bis-thiolates explored in this study feature fragmenta-
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tion channels which are structure-specific for the differ-
ent amino acids or peptides bound to the metal ion,
thus facilitating the unambiguous identification of pu-
tative mercury(II) metabolites in the biological samples.
Moreover, the observation of an unexpected fragmen-
tation process yielding electrophilic episulfonium spe-
cies may hint at unforeseen mechanisms for the inter-
action of mercury(II) ions with biological structures,
ultimately leading to cellular and organ toxicity. Studies
are therefore currently underway to quantitatively in-
vestigate the formation and interconversion of mercu-
ry(II)-bis-thiolates and methylmercury-thiolates occur-
ring under biomimetic and biological in vitro
conditions.
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